T T RESULTS:
A device is described that interfaces with standard computers through the sound card and measures force, using thin, low-cost, forcesensing resistors. Evaluated against the design criteria, the device (1) is easy to set-up and use, (2) can be produced for under $30 US dollars, (3) creates minimal interference with performance of a variety of techniques, (4) has limits of agreement from -3.8 to 4.2 N for forces of 5 to 45 N and repeatability coefficients of 2.0 N or 12%, and (5) can be constructed without specialized skills or knowledge.
T T CONCLUSION:
A device is described that fulfils most of the design criteria for providing feedback on forces for physical therapy students and may have applications in other fields. force transmitted through the patient to the treatment table 2, 5, 7, 9 or, with the therapist on a force platform, the reduction of ground reaction force under the therapist. 6 These methods can accurately measure the net applied load but may not reflect the load applied to the structures of interest. In addition, these methods of measuring the net load are expensive and electronically and procedurally complex. Other investigators have measured the load applied at a single point, the simplest example of which employed a hand dynamometer interposed between the therapist and the patient. 16 A sensor positioned between the therapist and the patient can accurately measure the load applied locally; but a dynamometer, due to its size, may prevent the evaluation of some techniques and significantly alter the performance of others.
Although not reported as a means to provide feedback, another method of assessing forces applied at a single point of contact is the use of thin, flexible, forcesensing resistors (FSRs), which minimize interference with the therapist's performance of techniques and sensitivity. 8 FSRs have a reported repeatability of approximately 5%, which would be more than sufficient to provide feedback for students; however, the accuracy of the system described would likely be re- In consultation with colleagues, we found support for a simple, low-cost device to provide feedback on forces applied during manual therapy techniques, to be used as a teaching tool. Therefore, we set out to develop a device that would measure, display, and store forces applied at a single point to the cervical spine in the performance of manual therapy techniques. The device had to be affordable and allow the user to perform most techniques with minimal restriction. With regard to its intended use as a means of providing feedback to students, we considered it reasonable to sacrifice some accuracy for lower cost and greater ease of use.
The design criteria of the device were that it should (1) be simple to use and calibrate, (2) cost less than $100 US dollars, (3) allow the techniques to be performed in as normal a way as possible, (4) be able to provide real-time and archived feedback on force magnitude within 20% or 5 N for forces up to 45 N, and (5) be constructed from readily available parts without requiring specialist skills.
The aim of this paper was to describe the design, construction, and repeatability of measurements of this device and to assess the device against the stated design criteria.
METHODS

Device Construction
F
SRs are thin (0.2 mm thick), lowcost pressure sensors whose resistance decreases with pressure applied on the sensor surface. We used Flexiforce A201 sensors (Tekscan, Inc, South Boston, MA), which are rated as having a 1-lb (0.454 kg) range and a 9.53-mm-diameter active area. Glued to 2 sides of the sensor are rounded silicone bumpers and/or metal washers to ensure that force is distributed over a constant area. During development of the device, we collected pilot data to determine what type of "pucks," when attached to the sensor, would result in consistent changes in resistance of FSRs and to ensure that the silicone bumper and washer performed similarly, whether forces were applied over soft tissue or bony prominences. A typical configuration used for performing computer-based measurements with an FSR includes external electronic components to condition the signal, an analogue-to-digital converter to interface with the computer, and software to process the data. 13 We used simple wiring, without additional electronic components, and the computer's soundcard in place of an external analogue-to-digital converter. Custom software was developed for signal processing, which produces a continuous 1000-Hz sine wave output from the computer headphone jack. The signal passes through the FSR and the modified signal returns via the microphone jack, such that the FSR essentially acts as a volume control. The software reads the intensity of the return signal, converts the value to a force equivalent, and displays the force both as an instantaneous value and a time series graph. A target force level can be displayed on the graph and, if required, the force data can be saved for review. The device, the wiring diagram, and a screenshot of the software are shown in FIGURES 1, 2, and 3, respectively. The APPENDIX (available online at www.jospt. org) presents a simple method of construction that does not require any skills beyond cutting, stripping, and taping wires, the use of a screwdriver, and gluing a washer to the sensor. Alternatively, the device can be hardwired and built according to the wiring diagram presented in FIGURE 2. An installable version of the software is available online at www.jospt. org.
Calibration
The sensor should be conditioned and calibrated prior to each session. Conditioning is accomplished by applying an FIGURE 1. The components used to construct the device. The parts shown are (1) an audio jumper lead with 2 male, 3.5-mm plugs, cut in half and wire ends stripped, (2) a 2-element screw connector, (3) a Zelman ZM-EC1 cable (Zalman USA, Inc, Garden Grove, CA), with the male plug removed and wire ends stripped, and (4) a Flexiforce A201 1-lb sensor (Tekscan, Inc, South Boston, MA), with an 11-mm-diameter washer affixed to one side by epoxy adhesive and a 7.9-mm diameter self-adhesive silicone bumper (Bumpon SJ 5302; 3M, St Paul, MN) on the other. More detailed instructions for construction are contained in the APPENDIX (available online at www.jospt.org). The device is symmetrical, so either plug can be inserted into the headphone socket and the other into the microphone socket on a PC or laptop. One plug is inserted into the headphone socket and the other into the microphone socket of a standard computer soundcard. The output from both channels of the headphones goes through the sensor, and the modified signal returns as input to the microphone socket. Note that a few computers with low specification sound cards will not produce sufficient power to operate the device. The force is shown in Newtons on the top right, and a 5-second history of the applied force is shown on the graph. A target force can be included on the graph and appears as a red horizontal line. Start data and stop data recording buttons enable the data to be saved for viewing or analysis at a later time.
[ technical note ] 
Use
The device is placed against a surface, such as a desk or padded treatment table, and force is applied with a thumb or finger to assist students in gaining an appreciation of the magnitudes of applied forces. FIGURE 4 shows examples of how the device can be used while performing several techniques on the cervical spine. If necessary, the device can be held in place by double-sided tape, either on the therapist's hand or on the person being palpated. Note that tape should not be placed over the top of the sensor, as this will result in inaccurate readings.
Test of Accuracy
After calibration, as a vertical load, known weights of 0.5 to 4.5 kg were applied at 0.5-kg intervals, 3 times each, using 4 different sensors on each of 3 different computers. To assess the accuracy of the device, Bland-Altman plots were constructed for the mean differences between the actual values and those measured with the device across the 4 sensors and 3 computers. The 95% limits of agreement (the range within which 95% of the measures would fall) were calculated in Newtons and percentage values. To assess the repeatability of the device, the repeatability coefficient was calculated and plots were constructed for the differences between the repeated measures, when using the same computer and sensor. The repeatability coefficient is similar to the limits of agreement, except that it indicates how closely the repeated measures agree with each other, rather than with a known value. For example, limits of agreement are relevant when a student intends to reproduce a force used by the instructor rather than a force of known magnitude.
RESULTS
Accuracy T
he mean  SD difference between the applied load and the reading on the device was 0.20  2.00 N or 0.3%  14.9%. The limits of agreement that indicate how closely 95% of measurements would be expected to approximate the actual applied load were -3.8 to 4.2 N or -29.5% to 30.1%. Bland-Altman plots show that the limits of agreement in Newtons remained consistent from 5 to 45 N (FIGURE 5A). When expressed as percentages, the differences decreased with increasing force (FIGURE 5B). Due to the large percentage differences for forces of 5 N, the limits of agreement in percentage were calculated for forces from 10 to 45 N as 22.6% (FIGURE 5B). The repeatability coefficients indicating the maximum difference between 95% of repeated measurements were 2.0 N or 12.1% (FIGURE 6).
Comparison With Design Criteria
The device met most of the design criteria. (1) It was easy to use and calibrate, with calibration taking less than a minute. (2) It cost less than $100 US dollars, having been produced for approximately $30 US dollars. (3) It allowed the techniques to be performed in as normal a way possible, as it could be placed between the patient and different parts of the therapist's hand and was thin enough (3 mm thick if 2 washers were used and 8 mm thick if 2 bumpers were used) to be used with the therapist's hands in normal positions for most techniques. (4) It was able to provide real-time and archived feedback on force magnitude within 20% or 5 N for forces up to 45 N, with contemporaneous visual feedback and feedback from applied-force data stored for later evaluation. Its accuracy was within the design criteria, except that the percentage variability for forces below 5 N were greater than the specified 20%. (5) It was either available off-the-shelf or could be constructed from readily available parts without specialist skills: the device was made from parts that were readily available from electronic suppliers and did not require specialist skills to construct.
DISCUSSION
T
he described device provides a low-cost, practical method for measuring forces manually applied through 1 point of contact and is considered capable of providing useful feedback for students learning manual therapy skills. The device is able to assess forces applied at 1 point and is only accurate over a relatively narrow range of forces (5 to 45 N). A maximum force of 45 N was selected because the device was designed primarily for use with the cervical spine. Our previous research found that changes in stiffness of the cervical spine related to patient symptoms occur at forces as low as 4 N and predominantly at those below 25 N. 14, 15 These findings are consistent with those of an earlier study by Marcotte et al, 8 who found that pressures applied during motion palpation of the cervical spine ranged from 4.0 to 41 N/cm 2 . One strength of the device is that it directly measures the force between the user and the patient; however, as a result, it cannot measure net forces that include all points of contact. Nor can its measurements include contact between the user and patient that extends beyond the sensor, such as other parts of the finger, thumb, or hand. Compared to the device presented in this technical note, other devices used to provide feedback are more accurate and applicable over a larger range of forces; but these are at least an order of magnitude more expensive and interfere more with the performance of techniques.
Force Versus Pressure
There is an important difference between force as we have considered it up to this point and pressure as discussed by Marcotte et al. 8 Force is the relevant parameter if the movement of a vertebra is thought to be related to the magnitude and direction of the applied force. Pressure, which is defined as force per unit area, may be the relevant parameter with respect to tenderness (eg, pressure pain threshold), or soft tissue characteristics, such as swelling or lymphoedema. The characteristics of FSRs are such that their resistance changes in response to the maximum pressure at any point on the sensor area. Marcotte et al, 8 who used bare, unmounted sensors, rightly described their results as pressure rather than force. We produced the effect of varying the distribution of force across a sensor, by using either the pad or a fingertip to apply force to an FSR resting on a scale, to reach a series of target values. The resistance of the bare FSRs differed by as much as 100% when pressure was applied by different parts of the finger. [ technical note ]
Therefore, bare FSRs may be useful when pressure is the parameter of interest (eg, assessment of pressure pain thresholds or palpation of soft tissue, swelling, tenderness, or surface anatomy). For FSRs to measure force, pressure must be evenly distributed over the sensor area, using pucks, such as the washers and bumpers used in the current device. 13 The device described in this paper minimizes the complexity, cost, and difficulty of use at some expense of accuracy and range. Though the device is configured for a specific purpose, discussions with colleagues have raised a number of applications for which similar devices might be used. These range from assessing forces applied through partial-weight-bearing casts to teaching postural drainage for premature infants. The relatively slow response time of FSRs does not significantly affect their accuracy at loading rates commonly used in mobilization (less than 2 Hz), but could result in underestimation of force during more rapid techniques, such as high-velocity thrusts. Hall et al 6 provide an in-depth description of more complex configuration, calibration, and preparation procedures used for FSRs to maximize dynamic range and accuracy. There are a variety of configurations between those used in this study and those described by Hall et al 3 that can be adapted for specific applications. Some configurations include using (1) a range of sensors to assess forces from tenths to hundreds of Newtons or applied over larger areas, (2) electronic circuitry to improve the linearity and range of response, (3) more sophisticated analogue-to-digital converters for simultaneously monitoring multiple channels or to achieve greater resolution and faster sampling rates, and (4) wireless interfaces.
Positive feedback has been received on the device from both staff and students of undergraduate and postgraduate programs, as well as students after short continuing-education courses. Using the sensors to measure applied forces before and after 2 continuing-education courses, therapists reduced the average force they applied during motion palpation by approximately 50%. Preliminary feedback from clinical educators, postgraduate students, and undergraduate students is that the device has been valuable in assisting students to more accurately modulate forces applied during assessment and treatment techniques. There is further research needed to determine the effectiveness of this device in assisting students to produce consistent forces and in maintaining force application skills over a period of months. We are also investigating the repeatability of assessing pressure pain thresholds using the device, as well as variations of the device using bare FSR sensors and/or more sophisticated electronic interfaces.
CONCLUSION T
his technical note describes a simple, low-cost device that fulfils the design criteria for providing feedback while teaching physical therapy students to perform manual techniques on the cervical spine. The device met each of its design criteria, as it was simple to use and calibrate, cost less than $30 US dollars, enabled a variety of techniques to be performed in a clinically relevant 
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